Patients with inflammatory bowel disease (IBD) are at increased risk of developing colorectal adenocarcinoma. The factors that result in IBD-associated carcinogenesis are not understood. We hypothesized that altered expression of intestinal epithelial tight junction proteins might contribute to neoplastic progression. Semiquantitative immunohistochemical staining of human biopsies was used to assess expression of the tight junction proteins claudin-1, claudin-2, claudin-4, and occludin in IBD, IBD-associated dysplasia, acute, self-limited colitis (ASLC), and sporadic adenomas. Claudin-1 and claudin-2 expression was elevated in active IBD, adenomas, and IBD-associated dysplasia, but not ASLC. In contrast, claudin-4 expression was elevated in both active IBD and ASLC. Occludin expression was similar to control in all cases. Importantly, in IBD, claudin-1 and claudin-2 expression correlated positively with inflammatory activity. To investigate mechanisms underlying altered claudin expression, b-catenin activation was assessed as nuclear localization. Like claudin-1 and claudin-2, b-catenin was markedly activated in IBD, sporadic dysplasia, and IBD-associated dysplasia, but was only slightly activated in ASLC. Taken together, these data suggest that b-catenin transcriptional activity is elevated in chronic injury and that this may contribute to increased claudin-1 and claudin-2 expression. We speculate that increased claudin-1 and claudin-2 expression may be involved at early stages of transformation in IBD-associated neoplasia.
The intestinal epithelial barrier is established by a single layer of cells. These are held together by intercellular junctions that include desmosomes, adherens junctions, and tight junctions. The seal that regulates paracellular permeability is established by the tight junction, which is composed of transmembrane proteins, such as claudins and occludin, and cytosolic proteins, such as ZO-1. When examined by freezefraction electron microscopy, tight junctions are visualized as a network of anastomosing strands within the cell membranes. The number and complexity of these strands is decreased in inflammatory bowel disease (IBD), and this correlates with reductions in barrier function. 1 The molecular correlates of this reduced barrier function are only beginning to be understood. [2] [3] [4] [5] Although barrier dysfunction in IBD is incompletely understood, 2 the increased inflammatory cytokine content of mucosa affected by IBD may play a critical role. 3, [6] [7] [8] [9] For example, cytokines have been shown to modify the expression and distribution of tight junction proteins. 5 Both IL-13 and TNF have been reported to increase claudin-2 expression. 3, 4, 8 TNF also downregulates expression 10 and promotes endocytosis of occludin. 6, 11, 12 In addition to the effects on barrier function, some data also suggest that these proteins may regulate signaling, gene expression, or other aspects of cellular pathophysiology. 13, 14 Claudin expression is altered in a variety of preneoplastic conditions and frank neoplasms. [15] [16] [17] [18] [19] For example, claudin-4 is elevated in pancreatic adenocarcinoma 20 and claudin-3 and claudin-4 are elevated in Barrett's esophagus 21 and some gastric adenocarcinomas. 15 As might be expected, claudin protein expression is also correlated with tumor differentiation. 22 Several studies have evaluated tight junction protein expression in colonic adenocarcinoma, and most have reported increased expression of claudin-1 13, [23] [24] [25] and claudin-2. 24, 26, 27 Claudin-1 expression is a positive prognostic indicator and correlates with lower tumor grade, absence of lymphovascular invasion, and increased patient survival. 25 Although the mechanism whereby claudins participate in tumorigenesis is poorly understood, it is interesting to note that b-catenin and claudin-1 colocalize in the nucleus of many metastatic colonic adenocarcinomas, 28 and genetic overexpression of claudin-1 increases metastatic potential of tumor cell lines. 13 Conversely, inhibition of claudin-1 expression reduces b-catenin/Tcf/lef signaling in vitro. 13 Together with claudin-2 promoter activation by b-catenin, 29 these data suggest that the interplay between claudins and the APC/b-catenin pathway may contribute to colonic neoplasia.
Although claudin expression and distribution has been studied extensively in IBD, 3, 4, 8 the relationship between claudin modifications and IBD-associated neoplasia has not been examined. However, it is well established that patients with IBD are at increased risk of developing colorectal carcinoma. [30] [31] [32] Emerging data suggest that the risk of cancer in IBD may be related to the severity of inflammation, 33, 34 suggesting that chronic injury may accelerate or otherwise contribute to neoplastic transformation. To define molecular mechanisms underlying this process, we asked if the altered expression and distribution of claudin proteins described in IBD was related to IBD-associated neoplasia. To test this we evaluated the expression of claudin-1, claudin-2, and claudin-4 in human biopsies of patients with IBD and IBD-associated dysplasia as well as in sporadic non-IBD-associated adenomas. Claudin-1 and claudin-2 were elevated in sporadic adenomas, IBD, and IBD-associated dysplasia. Nuclear localization of b-catenin, a correlate of b-catenin activation, was increased in all conditions where claudin-1 and claudin-2 upregulation occurred. In contrast, expression of claudin-1 and claudin-2 and nuclear localization of b-catenin were only minimally affected in acute, self-limited colitis (ASLC). These data suggest that claudin-1 and claudin-2 expression may be regulated by b-catenin in chronic, but not acute, inflammatory conditions. Furthermore, the data indicate a potential association between increased claudin-1 and claudin-2 expression and elevated neoplastic risk in IBD.
MATERIALS AND METHODS Patient Material
All patient materials for this study were obtained under a protocol approved by The University of Chicago Institutional Review Board. Formalin-fixed, paraffin-embedded tissue from biopsy and colectomy specimen included 16 specimens from 15 IBD patients with colonic epithelial dysplasia (12 ulcerative colitis (UC) and 3 Crohn's colitis). Tissues from 12 patients were selected from biopsies deemed to have ASLC based on the presence of normal crypt architecture and acute inflammation and the absence of abnormal crypt architecture, crypt atrophy, mixed lamina propria inflammation, basal plasmacytosis, basal lymphoid aggregates, and basal lymphoid hyperplasia. [35] [36] [37] [38] All cases of ASLC were reviewed by at least three GI pathologists and, for a case to be included, all three had to agree that there were no features of IBD. In addition, no ASLC patients had history of IBD or developed biopsy demonstrated in IBD in 1-to 2-year interval since the biopsy. Sporadic adenomas and invasive carcinomas were from patients without IBD who underwent colectomy for adenocarcinoma (36 patients). Control specimens were collected from the margins of these colectomies.
Tissue Microarray and Sectioning
Tissue microarrays containing 36 sporadic adenomas, normal adjacent colonic mucosa from each adenoma, and 3 samples of invasive carcinoma were prepared from paraffin tissue blocks. For each area, a minimum of two tissue cylinders with a diameter of 1.5 mm were arrayed into a recipient block with a manual tissue microarrayer (Beecher Instruments, Sun Prairie, WI, USA). The recipient tissue microarray block was cut into 4 mm thick sections for analysis by immunohistochemistry. After sectioning the array block, between 32 and 36 cores were available for staining on each slide. For the remaining 28 cases of ASLC and IBD that were not included in the array, tissue was immunostained using traditional paraffin sections.
Immunohistochemical Staining
Immunostaining was performed on 4 mm thick, formalin fixed, paraffin-embedded tissue sections mounted on positively charged X-tra slides (Surgipath, Richmond, IL, USA). Paraffin sections were deparaffinized in xylene, rehydrated, and washed in Tris-buffered saline. Endogenous peroxidase activity was quenched by incubation in 3% H 2 O 2 in methanol for 5 min. Nonspecific binding sites were blocked using nonserum Protein Block (DAKO, Carpinteria, CA, USA) for 20 min. Antigen retrieval for monoclonal anticlaudin-2 (clone 12H12; Invitrogen, Carlsbad, CA, USA), anti-claudin-4 (clone 3E2C1; Invitrogen), and monoclonal anti-b-catenin (clone 14; BD Biosciences, San Jose, CA, USA) staining was carried out by heating sections in citrate buffer (pH ¼ 6) for 15 min in a microwave oven. Sections to be stained with polyclonal anti-claudin-1 (JAY.8; Invitrogen) were heat antigen-retrieved in EDTA buffer (pH ¼ 9). For polyclonal rabbit anti-occludin (catalog number 71-1500; Invitrogen) staining, antigen was retrieved by combined enzymatic digestion with 0.04% protease solution in distilled water followed by heat retrieval in citrate buffer (pH ¼ 6) for 15 min in a microwave oven. Tissue sections were incubated for 1 h at room temperature in a humidity chamber with primary antibodies diluted to 2.5 mg/ml (claudin-1 and occludin), 5 mg/ml (claudin-2 and claudin-4), and 1.25 mg/ml (b-catenin) using antibody diluent buffer (DAKO). After three washes, slides were incubated for 30 min with goat antirabbit or anti-mouse immunoglobulin conjugated to a horseradish peroxidase-labeled polymer (EnvisionTM þ System; DAKO). After washing, slides were developed for 5 min with 3,3 0 -diaminobenzidine chromogen and counterstained with hematoxylin.
Analysis of Immunohistochemical Staining and Inflammatory Activity
Staining intensity of all immunostains was scored semiquantitatively from 0 to 3 by two separate observers. When scores between the two observers were discordant, a consensus was achieved by conference at a two-headed microscope. Hematoxylin and eosin-stained slides were graded for inflammation from 0 to 3 using the criteria shown in Table 1 .
Student's t-test was used to determine differences in expression between tissue groups. Pearson correlation was used to determine correlations between degrees of active inflammation and expression. For t-tests and Pearson's correlation, statistical significance was taken as Pr0.05.
RESULTS

Patient Population
The patient population for this study included 15 patients with IBD and dysplasia, 12 patients with ASLC, 36 patients with sporadic adenomas, and 3 cases of invasive colonic adenocarcinoma. Medications, at the time of biopsy or resection, were diverse within this patient population and precluded meaningful statistical analysis. Specimens were distributed throughout the right and left colon and there was no apparent association between location and tight junction protein expression. Patient information is summarized in Table 2 . Inflammatory activity has been associated with risk of neoplasia in UC, and we have previously noted that expression of myosin light chain kinase, a regulator of tight junction permeability in colitis, 39 correlates with histologic inflammatory activity. 40 Thus, the inflammatory activity of all specimens was graded semiquantitatively (Table 3 ). All control tissues were free of active inflammation (grade 0). Sporadic adenomas often had increased intraepithelial or lamina propria granulocytes. In the three cases of carcinoma included in the tissue microarray, active inflammation was severe (grade 3). Intraepithelial granulocytes, with or without erosions, were the norm in ASLC.
Claudin-1 and Claudin-2 Expression is Increased in Active IBD Expression of claudin-1, claudin-2, claudin-4, and occludin was assessed in control tissues and those involved by IBD. Claudin-1 did not localize specifically to the region of the tight junction, but was present along the lateral membrane and also detected weakly within cytoplasmic granules of crypt colonocytes in control tissue (Figure 1) . Expression was significantly increased within epithelia adjacent to lymphoid aggregates, where claudin-1 was localized to cytoplasmic granules and colonocyte lateral membranes (Figure 1 ; Po0.05).
Claudin-1 expression in inactive IBD was similar to that in normal colon. In contrast, expression of claudin-1 was significantly increased when inflammatory activity was present (Po0.001). These increases in claudin-1 expression were progressive, with greater expression correlated with inflammatory activity grade in IBD (r ¼ 0.75, Po0.001). In addition, active inflammation was associated with greater localization of claudin-1 to lateral membranes ( Figure 1 ). Claudin-1 expression was similar in colonic mucosa from UC and Crohn's disease (CD) patients.
In contrast to claudin-1, claudin-2 expression in surface colonocytes was most intense in the apical cytoplasm and tight junction region. Claudin-2 expression in crypt epithelium was punctate and confined to lateral cell membranes and cytoplasm (Figure 1 ). There was no change in claudin-2 expression or localization in mucosa near lymphoid aggregates and expression in inactive IBD was similar to control tissue ( Figure 1) . Like claudin 1, claudin-2 was increased in IBD when active inflammation was present (Po0.05), but was not increased in IBD with grade 1 inflammatory activity. Claudin-2 expression correlated positively with claudin-1 expression (r ¼ 0.626, Po0.001) and disease activity (r ¼ 0.451, Po0.01). Increased claudin-2 expression was noted in lateral membranes, cytoplasmic granules, and diffusely within the cytoplasm (Figure 1 ). Claudin-2 expression was similar in cases of UC and CD.
Claudin-4 was detected primarily in lateral membranes of surface and crypt colonocytes (Figure 1) . In some cases of inactive IBD there was an increase in lateral membrane accumulation of claudin-4 that did not reach statistical significance (Figure 1 ; P ¼ 0.15). Claudin-4 expression was enhanced in the presence of grade 2 inflammatory activity, where intense membranous staining was present (Po0.05 vs control). However, claudin-4 expression was variable, and not significantly increased compared to control, in IBD with grade 3 inflammatory activity. There was no difference in claudin-4 expression when UC and CD cases were compared.
Of the tight junction proteins studied, occludin demonstrated the greatest localization to the region of the tight junction. However, weak cytoplasmic staining was also present. Occludin expression and localization in both inactive and active IBD were similar to that in control tissue (Figure 1 ). To discriminate between these possibilities, we studied claudin expression in cases of ASLC. Claudin-1 expression was similar to control, noninflamed tissue in 9 of 12 cases of ASLC cases and was scored as 2 or greater in only 3 cases. This was only slightly greater than claudin-1 expression in control tissues (Figure 2 ), where 1 of 33 cases received a score of 2 and none were scored as 3 (Po0.05). Importantly, claudin-1 expression in ASLC was significantly lower than in cases of active IBD, in which 9 of 12 cases were scored 2 or greater (Po0.005). Expression of claudin-2 in ASLC was limited and was not significantly different from control ( Figure 2 ). Claudin-4 expression in ASLC with grade 2 inflammation was increased to an extent similar to that observed in IBD with grade 2 inflammatory activity (Figure 2 ; Po0.001). Taken together, it appears that the overall expression of claudin-1 and claudin-2 is differently regulated in ASLC relative to IBD. In contrast, the data suggest that the increases in claudin-4 expression observed in IBD may be related to active inflammation. Although claudin-1 and claudin-2 expression is modified by active inflammation, this regulation in IBD is distinct from the regulation in ASLC.
Expression of Claudin-1 and Claudin-2 is Increased in Sporadic Adenomas
Although increased tight junction protein expression has been assessed in colorectal adenocarcinoma, there are no reports examining expression in preinvasive dysplastic lesions. We therefore studied expression of claudin-1, claudin-2, claudin-4, and occludin in sporadic adenomas. As in invasive cancers, claudin-1 and claudin-2 expression was increased in adenomas (Figure 3 ; Po0.001). Claudin-1 was 
Location
Right colon 67% (24) 33% (4) 67% (2) 40% (6) 42% (5) Left colon 33% (12) 67% (8) 33% (1) 60% (9) 58% (7) Current therapy (n b ) (7) (1) Number for whom data was available. localized to lateral membranes of dysplastic colonocytes whereas claudin-2 was concentrated within apical cytoplasmic granules in dysplastic colonocytes. However, increased claudin-1 and claudin-2 expression, which was seen in over 90% of sporadic adenomas, was the most remarkable change. We also evaluated staining of three representative cases of invasive carcinoma and observed similar strong positive staining (claudin-1 ¼ 2.00±0.00, claudin-2 ¼ 2.33±0.33). Claudin-4 and occludin expression and distribution were not significantly different between control, adenoma, or invasive carcinoma tissue.
Claudin-1 and Claudin-2 Expression is Increased in IBD-Associated Dysplasia
Although IBD confers an increased risk of colorectal carcinoma, the mechanisms of neoplasia in IBD patients may Claudin expression in IBD and dysplasia CR Weber et al differ from those in patients with sporadic cancer. We therefore asked, given the increased expression of claudin-1 and claudin-2 in both IBD and sporadic adenomas, whether the same alterations would be present in IBD-associated dysplasia. Claudin-1 and claudin-2 expression in IBD-associated dysplasia was increased relative to nondysplastic IBD (Po0.005) and was similar to that of sporadic adenomas (Figure 4) . In contrast, claudin-4 and occludin were only slightly increased and not significantly different from nondysplastic IBD tissue. There were no differences between low and high-grade dysplasia for any of these tight junction proteins. There were also no difference between UC-and CD-associated dysplasia.
Nuclear b-Catenin Localization is Increased in IBD Claudin-1 and claudin-2 expression has been reported to be modulated by b-catenin/Tcf/lef signaling and, conversely, claudin-1 may regulate b-catenin. 28 We therefore asked if the observed increases in claudin-1 and claudin-2 expression in IBD, IBD-associated dysplasia, and sporadic adenomas are associated with increased b-catenin nuclear localization, a marker of b-catenin activation. b-Catenin showed weak nuclear localization in control tissues, most prominently in crypts. This was increased in sporadic adenomas (Figure 5a ; Po0.001). Nuclear b-catenin localization was also elevated in IBD compared to control tissue (Po0.001); 11 of 16 IBD specimens had increased nuclear b-catenin (9 of 13 UC and 3 of 3 CD). Overall, there was no correlation between nuclear b-catenin localization and disease activity in IBD (r ¼ À0.12, P40.6), but nuclear localization did increase from grade 1 to grade 2 IBD (Po0.05). Nuclear b-catenin in IBD-associated dysplasia was greater than that in nondysplastic IBD Figure 3 Claudin-1 and claudin-2 expression is elevated in sporadic adenomas. Immunohistochemical staining in sporadic adenomas was scored semiquantitatively from 0-3. Claudin-1 and claudin-2 expression is significantly increased in dysplasia relative to nondysplastic tissue (dashed lines). **Pr0.01. Scale bar ¼ 80 mm, inset scale bar ¼ 20 mm.
Claudin expression in IBD and dysplasia CR Weber et al (Po0.005), and was quantitatively similar to staining in sporadic adenomas. In contrast, nuclear b-catenin was only increased in 3 of 12 cases of ASLC and did not correlate with disease activity ( Figure 5 ). Thus, like claudin-1 and claudin-2, b-catenin staining is increased in IBD and dysplasia (sporadic and IBD associated), but is not increased in most cases of ASLC. Thus, activation of b-catenin may explain increases in claudin-1 and claudin-2 expression in IBD and IBD-associated dysplasia.
DISCUSSION
Patients with IBD have an increased propensity to develop colon carcinoma. [30] [31] [32] [33] [34] 41 The mechanisms underlying this susceptibility are not well understood, and the molecular events that contribute to this phenotype are ill defined. On the basis of previous data suggesting that expression of claudin family members is altered in IBD and invasive colon cancer, 13, [15] [16] [17] [18] [19] [20] [21] [22] [23] [25] [26] [27] we hypothesized that modified expression of tight junction proteins could be associated with the increased risk of colon carcinoma in IBD. However, claudin family member distribution and expression has not been characterized in either sporadic or colitis-associated premalignant colonic dysplasia.
Claudin-1 protein has been reported to be slightly decreased in IBD on the basis of SDS-PAGE and immunoblot analysis of whole mucosal homogenates. 4, 8 However, claudin-1 expression and localization within colonocytes of IBD patients have not been assessed in the context of inflammation grade. We observed increased claudin-1 expression in colonocytes of IBD patients. This was linked to active inflammation, as claudin-1 expression was not increased in inactive IBD. Although the number of CD cases with dysplasia was small, it is interesting to note that overall results were similar in UC and CD. In agreement with previous immunohistochemical and SDS-PAGE immunoblot analyses, 3, 4, 8 we found that claudin-2 expression is increased in colonocytes of patients with active IBD. This is consistent with the reported in vitro effects of IL-13 and TNF on claudin-2 expression. 3, 8 As these cytokines are also elevated in active UC 8, 42 and CD, 9 respectively, they may explain the similar elevations of claudin-2 expression in these diseases. Importantly, the mere presence of active inflammation was not sufficient to increase expression of either claudin-1 or claudin-2, as expression was unaffected in ASLC. This also implies that increases in mitotic activity alone cannot explain our results.
In contrast to claudin-1 and claudin-2, claudin-4 expression was not correlated with disease activity. The observation is consistent with a previous study that used the same antibody used here to detect claudin-4.
3 Moreover, as claudin-4 expression was increased in ASLC, the data suggest that the observed effects may be simply due to inflammatory activity and not a consequence of the chronic disease process.
To assess the association between altered claudin expression in IBD and neoplastic risk, we compared expression in nonneoplastic IBD to that in IBD-associated dysplasia and sporadic adenomas. Similar increases in expression of both claudin-1 and claudin-2 were present in IBD-associated dysplasia and sporadic adenomas. Given the emerging association of neoplastic risk in IBD with inflammatory activity, 33, 34 these data suggest that increased expression of claudin-1 and claudin-2 in this setting may contribute to neoplastic progression. Although these changes in claudin-1 and claudin-2 expression are expected to impact barrier Figure 4 Claudin-1 and claudin-2 expression is elevated in IBD-associated dysplasia. Immunohistochemical staining in IBD dysplasia was scored semiquantitatively from 0 to 3. Claudin-1 and claudin-2 expression is increased relative to control tissues (dashed lines). **Pr0.01; ***Pr0.001. Scale bar ¼ 60 mm. Claudin expression in IBD and dysplasia CR Weber et al function, it is not clear that barrier modulation is the mechanism by which claudin protein expression influences neoplasia. It is possible that claudin proteins interact with signaling pathways, including TGFb/SMAD and b-catenin, 13, 43 in a manner that is separate from their effects on barrier function.
Although the relationship we have identified between claudin-1 and claudin-2 expression and active inflammation in IBD is correlative, the previous observation that these tight junction proteins can either regulate or be regulated by b-catenin/Tcf/lef signaling 13, 28, 29 suggests that the increased claudin-1 and claudin-2 expression observed may be due to b-catenin activation. We therefore assessed b-catenin activation. As expected, increased translocation of b-catenin from the lateral membranes to the nucleus was present in sporadic adenomas. Strikingly, this enhanced nuclear localization was also present in IBD and IBD-associated dysplasia. These observations, together with previous in vitro analyses, point to b-catenin as an upstream regulator of claudin-1 and claudin-2 in IBD.
Some discrepancies exist among studies of claudin family member expression in neoplasia, but this may, in part, be due to differences in tumor stage. For example, although we observed increases in claudin-1 and claudin-2 expression in adenomas and IBD-associated dysplasia, others have reported reduced claudin expression in high-grade colorectal carcinomas. 25 This may reflect the loss of proteins associated with epithelial differentiation during epithelial to mesenchymal transformation. Therefore, although claudin-1 and claudin-2 are elevated in preinvasive IBD-associated and sporadic neoplasia, expression may not remain increased in invasive lesions.
In summary, these data suggest that active inflammation in the setting of chronic IBD results in an increase in b-catenin transcriptional activity that may contribute to increased claudin-1 and claudin-2 expression. The data support the hypothesis that elevated claudin-1 and claudin-2 expression contribute to neoplastic transformation and provide human data that corroborate previous work using cell lines and tumor xenografts. 13 Thus, increased claudin-1 and claudin-2 expression may contribute to carcinogenesis in IBD.
